SsrA is a small RNA playing a crucial role in trans-translation, which leads to rescue of stalled ribosomes on or at the end of mRNA and addition of the degradation tag to a growing polypeptide. The lack of SsrA has been shown to enhance the temperature-sensitive (ts) phenotype of an E. coli strain defective in the degP gene, which encodes one of the periplasmic proteases. This severe ts phenotype was relieved only partially by an SsrA DD variant, which can lead to ribosome rescue but adds a protease-resistant tag instead of the degradation tag, suggesting that accumulation of polypeptides programmed by truncated mRNAs is responsible for growth defect of the ssrA degP mutant. Expression of an S210A-mutant DegP protein, which lacks the protease activity but retains the chaperone activity, could relieve the ts phenotype of the double mutant, suggesting that the chaperone activity but not the protease activity of DegP is required for growth of the ssrAdeficient cells at high temperature. Overexpression of the rpoE gene, which encodes σ E responsible for the expression of factors involved in extracellular stress response, also suppressed the ts phenotype of the ssrA degP mutant. This suggests that the stress-responsing pathway(s) may be involved in the enhancement of ts phenotype of degP mutant in the absence of SsrA.
INTRODUCTION
SsrA is one of the small stable RNAs found in eubacteria (de Novoa and Williams, 2004; Andersen et al., 2006) . Having both tRNA and mRNA functions, it is also called tmRNA. SsrA plays a crucial role in trans-translation in concert with a specific protein factor SmpB (Keiler et al., 1996; Karzai et al., 1999 ; for recent reviews, see Moore and Sauer, 2007; Withey and Friedman, 2003) . In transtranslation, SsrA first acts like a tRNA: being charged with alanine at its 3' CCA end, it binds to the unoccupied A-site of the ribosome stalled on or at the end of mRNA during translation and the nascent polypeptide is transferred to the alanine moiety. Then the ribosome switches its template to the mRNA-like domain of SsrA to resume translation, which terminates at the stop codon located at the end of the mRNA-like domain of SsrA. Termination of the translation allows the dissociation of non-productive complex consisting of stalled ribosome, mRNA, peptidyl-tRNA, and other translation factors. Relieved ribosome and other factors is utilized in another cycle of translation. During trans-translation, nascent polypeptide receives a specific amino-acid sequence (AANDENYALAA in E. coli, of which the last 10 amino acids are encoded by the mRNA-like domain of SsrA) called SsrA-tag. SsrA-tag is also called a "degradation tag", because the polypeptide possessing this sequence at its C terminus will be degraded by cellular proteases such as ClpXP, FtsH, Tsp, and Lon (Keiler et al., 1996; Farrell et al., 2005; Choy et al., 2007) . Aberrant stall of the ribosome may mainly occur at the 3' end of mRNA lacking an in-frame stop codon, which might be produced by the degradation of the intact mRNA or by the inhibition of transcription elongation. Such mRNA may encode truncated polypeptides, which are potentially harmful. Degradation of such polypeptides may be necessary to maintain the protein quality in the cell. These two features, ribosome rescue and protein quality control, are considered to be major biological functions of transtranslation.
SsrA is widely distributed and the amino-acid sequence of SsrA-tag is conserved well among eubacteria (Moore Edited by Hisaji Makiand Sauer, 2007; Withey and Friedman, 2003) . These facts suggest that SsrA or trans-translation plays an important role in bacterial cells. In fact, SsrA was shown to be indispensable for the growth under regular condition in Neisseria gonorrhoeae (Huang et al., 2000) and under stress conditions in Bacillus subtilis (Muto et al., 2000) . It is also required for the cell cycle progression in Caulobactor crescentus (Keiler and Shapiro, 2003) and seems to be essential in Mycoplasma genitalium (Glass et al., 2006) . Curiously, however, SsrA is known to be dispensable for the growth in many other bacterial species (Moore and Sauer, 2007; Withey and Friedman, 2003) .
Although SsrA is dispensable for the growth of Escherichia coli (Komine et al., 1994) , several phenotypes have been reported for E. coli ssrA-disruption mutants. They include growth defect at extremely high temperature (Komine et al., 1994) , lowered level in phage propagation (Withey and Friedman, 1999; Ranquet et al., 2001) , delay in induction of the lac operon (Abo et al., 2000) , increased sensitivity to several antibiotics Luidalepp et al., 2005) , and growth inhibition under amino-acid starvation (Li et al., 2008) . It is noteworthy that all of these phenotypes could be recovered by SsrA DD , an SsrA variant which adds a protease-resistant sequence (AANDENYALDD) instead of the degradation tag during trans-translation (Keiler et al., 1996) , though the extent of the recovery differs depending on the phenotypes analyzed. This suggests that the ribosome rescue function is more critical than the protein quality control function at least in E. coli. In order to assess the significance of SsrA or transtranslation in E. coli physiology, it is important to know the conditions where SsrA is required for growth in this bacterium. Using penicillin screening method, Nakano et al. (2001) isolated several mutants which showed temperature-sensitive (ts) growth defect in the absence of a functional ssrA gene. One of such mutants was suggested to possess a defect in the degP (htrA) gene (Nakano et al., 2001) , which encodes a protease Do, one of the periplasmic proteases (Lipinska et al., 1989; Strauch et al., 1989; Miller, 1996) . This suggested that SsrA or trans-translation is essential for growth in the absence of the DegP protease at high temperature.
Our work presented here was initiated to know the reason why E. coli cells do not require SsrA for their growth. To this end, we screened E. coli mutants, which require SsrA for growth, by a method different from that employed by Nakano et al. (2001) . Our results also indicated that a mutant defective in the degP gene has a severe ts phenotype in the absence of a functional ssrA gene. Because this phenomenon remained to be characterized well, we decided to analyze more carefully the properties of the ssrA degP double mutant and found that the enhanced ts phenotype of this mutant is recovered by the activity of RpoE, the stress-responding ECL sigma factor.
MATERIALS AND METHODS
Media, synthetic oligonucleotides and bacterial strains Bacterial cells were grown in Luria-Bertani (LB) medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl) or LB plates containing 1.2% agar. Ampicillin (Amp, 100 μg/ml), chloramphenicol (Cm, 10 μg/ml), kanamycin (Km, 25 μg/ml), 5-bromo-4-chloro-3-indolyl-β-D-galactoside (X-Gal, 40 μg/ml), isopropyl-β-D-thiogalactopyranoside (IPTG, 0.1 mM), and arabinose (0.2%) were added to the media where required.
Synthetic oligonucleotides used are listed in Table 1 . Bacterial strains used in this study are listed in Table 2 . The smpB gene of BW25113 was disrupted using a DNA fragment PCR amplified from pKD3 with primers dsmpB1 and dsmpB2 as described in Datsenko and Wanner (2000) . Phage P1-mediated transduction was used to introduce disruption mutations in ssrA, degP, smpB, tsp, degQ, skp, surA, dsbC, fkpA, or ydcQ to respective strains. Removal of the Cm r or Km r cassette from the chromosome was performed as described in Datsenko and Wanner (2000) .
Plasmid construction Plasmid pFZY1-bla was constructed by inserting the BamHI-HindIII region of pBR322 carrying the p 1 promoter into the corresponding 
site of pFZY1 (Koop et al., 1987) so that the lacZ gene on pFZY1 is expressed from the p 1 promoter. A DNA fragment containing the ssrA gene of E. coli was PCR amplified from pSsrA-AA (Abo et al., 2000) with primers ssrAF and ssrAR-KpnI, digested with EcoRI and KpnI, and then cloned into the corresponding site of pFZY1-bla to obtain pFZY1-SsrA. DNA fragments PCR amplified with primers ssrAR and 5-ssrA-EcoRI using pSsrA-AA and pSsrA-DD (Abo et al., 2000) as templates were digested with EcoRI and HindIII and cloned into the corresponding site of pQE80L (Qiagen) to obtain pQEAA and pQEDD, respectively. A DNA fragment carrying the degP gene was PCR amplified with primers degPF-EcoRI and degPR-HindIII using the genomic DNA of W3110 as a template, digested with EcoRI and HindIII, and cloned into the corresponding site of pBAD24 (Guzman et al., 1995) to obtain pBAD24-degP. Plasmid pCS21 (Spiess et al., 1999) , which carries a mutant degP gene encoding DegP S210A , was kindly provided by Dr. M. Ehrmann. An 868-bp SacI-PstI fragment of pCS21 was cloned into the corresponding site of pBAD24-degP to obtain pBAD24-degP-S210A. A DNA fragment PCR amplified from the W3110 genomic DNA with primers rpoEF-EcoRI and rpoER-BamHI was digested with EcoRI and BamHI and inserted into the corresponding site of pUC119 (Vieira and Messing, 1987 ) to obtain pUC119-rpoE.
A 137-bp DNA fragment containing the degP promoter was PCR amplified from the W3110 genomic DNA with primers PdegP-SphIFW and PdegP-EcoRIRV, digested with SphI and EcoRI, and inserted into the corresponding site of pRL124 (Malo and Loughlin, 1988 ) to obtain pRL124D. Synthetic oligonucleotides rpoHP3-SphIFW and rpoHP3-EcoRIRV2 containing the rpoH-P3 promoter sequence (Erickson and Gross, 1989) were annealed, treated with Klenow enzyme and deoxyribonucleotides, digested with SphI and EcoRI, and inserted into the corresponding site of pRL124 to obtain pRL124H3.
DNA fragment containing the skp, surA, dsbC, fkpA, or degQ gene was PCR amplified from the W3110 genomic DNA with a primer pair, skpFW-EcoRI and skpRV-HindIII, surAFW-EcoRI and surARV-HindIII, dsbCFW-NcoI and dsbCRV-HindIII, fkpAFW-PstI and fkpARV-HindIII, or degQFW-NcoI and degQRV-PstI, and cloned into an appropriate site of pBAD24 to construct pBAD24-skp, pBAD24-surA, pBAD24-dsbC, pBAD24-fkpA, or pBAD24-degQ, respectively.
Transposon mutagenesis Phage λ1105 (Miller, 1992) was used for transposon mutagenesis. Strain TA461 harboring pFZY1-ssrA was infected with λ1105 to allow miniTn10kan to transpose as described by Miller (1992) . Infected bacteria were spread onto LB plates containing X-Gal and Km and grown to allow blue color development.
To determine the transposon insertion site, the genomic library of the mutant strain was constructed using pUC119 as a vector. DH5α was transformed with the library and spread onto LB plates containing Amp and Km. From one of the Amp r Km r transformants, a plasmid DNA was prepared and its nucleotide sequence was analyzed using primers Tn10Km-2 and Tn10Km-3, which hybridize distinct regions of mini-Tn10kan.
β-Galactosidase assay To monitor the expression of the degP and rpoH P3 promoters, bacterial cells harboring an appropriate monitor plasmid were grown at 30°C or 42°C for 2 hr in LB containing Amp, and the β-galactosidase activity of the culture was measured as described by Miller (1992) . 
RESULTS

Screening procedure and transposon mutagenesis
To obtain E. coli mutants which require SsrA for growth, we employed the screening strategy originally described by Bernhardt and de Boer (2004) . The screening system essentially stands on the instability of an Amp r mini-F plasmid pFZY1, which lacks the par locus. The monitor plasmid pFZY1-ssrA contains the entire ssrA gene of E. coli and the p 1 region of pBR322, from which the lacZ gene is expressed. When harbored in strain TA461 (lacZ ssrA), pFZY1-ssrA was unstable and easily lost from the host cell when cells were grown in LB without Amp. This can be monitored on LB agar plates containing XGal. Without Amp, TA461 harboring pFZY1-ssrA segregates cells without pFZY1-ssrA, resulting in white or white-sectored blue colonies. If a mutant cell requires SsrA for growth, however, the cell cannot grow without pFZY1-ssrA. Therefore, pFZY1-ssrA can be stably maintained in such a mutant, which results in a solid blue colony on LB agar plate containing X-Gal. Strain TA461 harboring pFZY1-ssrA was infected with λ1105, and mini-Tn10kan carried by λ1105 was induced to allow random transposition. The infected cells were spread onto LB agar plates containing Km and X-Gal and incubated for 2 hours at 42°C. Then incubation temperature was shifted to 37°C and incubation was continued for another 12 hours. From approximately 30,000 Km r colonies, 16 solid-blue colonies were picked up and streaked onto the same plates to further assess the stability of pFZY1-ssrA in the absence of Amp. One clone which showed extremely low frequency of segregation of the plasmid was analyzed in detail in this study. This mutant was shown to have a transposon insertion just after the 121st nucleotide from the initiation codon of the degP ORF (1425 bp). As described in the Introduction section, a similar mutant was described previously (Nakano et al., 2001 The degP ssrA double mutant shows enhanced temperature sensitivity To confirm if the lack of the DegP protein renders the growth of E. coli cells SsrA-requiring, we next examined the effect of the disruption of the degP gene. A P1 phage lysate propagated on JWK0157 (degP::FRT-Km r -FRT) was used to disrupt the degP ORF of W3110 (wild type) and TA331 (W3110 ssrA) to obtain KO100 and KO110, respectively. Growth of W3110, TA331, KO100, and KO110 was monitored in LB medium (Fig. 1) . When grown at 30°C, they showed no apparent difference, indicating that the degP disruption has no sig- nificant effect on E. coli growth irrespective of the ssrA genotype. As reported previously (Lipinska et al., 1989; Strauch et al., 1989) , KO100 (degP) showed growth defect at 44°C. In contrast, KO110 (ssrA degP) showed severe growth defect at 42°C and moderate growth defect even at 37°C. These data indicate that the degP ssrA mutant cannot grow at higher temperature. The same phenotype was observed with the degP smpB mutant strain KO150 (data not shown), indicating that trans-translation is required for growth of the degP-deficient cells.
The ts phenotype of the degP ssrA mutant is not fully complemented by SsrA DD Nakano et al. (2001) reported that the colony forming ability of the degP ssrA mutant at high temperature was restored by the introduction of a plasmid carrying SsrA DD . This suggested that the ts phenotype of the degP ssrA mutant might be caused by formation of non-productive ribosome-mRNApolypeptide complex at the 3' end of stop-codon-less mRNA. To see if this is also the case in our experimental conditions, we constructed a strain KO120 by replacing the degP gene of TA371 (W3110 carrying the ssrA DD allele on the chromosome) with the degP::FRT-Km r -FRT allele from JWK0157. This strain still showed a severe growth defect at 42°C as KO110 did (Fig. 1) , suggesting that the ts phenotype of the degP ssrA mutant cannot be suppressed by the chromosomal copy of ssrA DD .
Next we tried to see if a plasmid-borne SsrA DD can restore the growth defect of the degP ssrA mutant at 42°C. pQEAA and pQEDD are pQE80L-based plasmids expressing SsrA and SsrA DD , respectively, upon IPTG induction. KO110 harboring pQEAA and pQEDD could form colonies at 42°C on LB plate containing IPTG, while KO110 harboring pQE80L could not (data not shown), suggesting that a plasmid-borne SsrA DD , as well as SsrA, can restore the growth defect of the degP ssrA mutant at 42°C. This is consistent with the result reported by Nakano et al. (2001) . However, we noticed that KO110 harboring pQEDD formed smaller colonies than KO110 harboring pQEAA (data not shown). So we further analyzed the growth of KO110 harboring pQE80L, pQEAA, or pQEDD at 42°C in liquid media in the presence or absence of IPTG (Fig. 2) . As expected, KO110 harboring pQE80L did not grow at 42°C. KO110 harboring pQEAA grew when IPTG was added to the media, indicating that SsrA expressed from pQEAA can complement the lack of the chromosomally encoded SsrA. On the contrary, pQEDD could support growth of KO110 only partially, indicating that relief of non-productive ribosome-mRNApolypeptide complex formed at the end of mRNA does not suffice to suppress the ts phenotype of the degP ssrA mutant in the liquid media. However we can not exclude an alternative, but less likely, possibility that the accumulation of peptides with the protease-resistant tag hampers cell growth in the absence of DegP.
The ssrA disruption does not cause the growth defect in tsp or degQ mutant It has been reported that two periplasmic proteases, DegP and Tsp, bind to the synthetic SsrA tag sequence in vitro (Spiers et al., 
2002). Tsp efficiently degrades a model protein with
SsrA tag attached at its C terminus both in vivo and in vitro, while DegP does not, suggesting that Tsp is responsible for degrading SsrA-tagged polypeptides in periplasm (Keiler et al., 1996; Spiers et al., 2002) . This lead us to examine whether a tsp mutaion also cause a growth defect in the absence of SsrA at high temperature. As a result, the tsp ssrA mutant strain KO260 was found to show the same phenotype as the ssrA single mutant (data not shown). As expected, the degP tsp ssrA mutant strain KO270 showed the same phenotype as the degP ssrA mutant strain KO110 in terms of temperature sensitivity (data not shown). We next questioned if the overexpression or depletion of the DegQ protein has any defect on the growth of the cells at high temperature in the absence of SsrA, because DegQ is a periplasmic protease sharing homology with DegP and is known to suppress the ts phenotype of degP mutant when overexpressed . When DegQ was expressed from the plasmid pBAD24-degQ, the ts phenotype of the degP ssrA mutant was suppressed (data not shown). On the other hand, the degQ ssrA mutant strain KO210 did not show ts phenotype (data not shown). These results suggest that the enhanced ts phenotype caused by the lack of SsrA is peculiar to the degP mutant.
Chaperone activity, but not protease activity, of DegP is required for the growth of the degP ssrA mutant at high temperature DegP is known to function either as a chaperone or as a protease in temperaturedependent manner (Spiess et al., 1999) . To see whether the protease activity of DegP is required for the growth of the ssrA mutant, the plasmid carrying the gene for a wildtype or protease-deficient DegP (DegP S210A ) was introduced to strain KO110. Introduction of the protease-deficientmutant degP gene as well as that of the wild-type degP gene restored the growth (Fig. 3) , indicating that the protease activity of the DegP protein is not required for the growth of the ssrA-deficient cell.
RpoE overexpression can suppress the ts phenotype of the ssrA degP mutant Next, we screened multicopy suppressors for the growth defect of the ssrA degP mutant from the W3110 genomic library constructed on pUC119. From one transformant which showed improved growth at 42°C on LB plates containing Amp, plasmid pKO11 was obtained. Sequencing analysis revealed that pKO11 has a DNA fragment containing the rpoE gene which encodes an extracytoplasmic function σ factor σ E (Fig. 4A) . Further subcloning experiments confirmed that pUC-rpoE, a plasmid carrying rpoE but not flanking genes, rendered the ssrA degP mutant host cell temperature-resistant, indicating that the rpoE gene can suppress the growth defect in the ssrA degP mutant at high temperature (Fig. 4B) . Fig. 3 . Complementation of the growth defect of the degP ssrA mutant by the plasmid-borne DegP. KO110 (degP ssrA) harboring pBAD24 (circles), pBAD24-degP (triangles), or pBAD24-degPS210A (squares) was grown in LB containing Cm at 42°C. Arabinose was added at time 0, and OD 660 was measured to monitor the growth. We also performed the transposon mutagenesis to obtain mutations which suppressed the growth defect of the ssrA degP mutant. The ssrA degP mutant cells were mutagenized with mini-Tn10kan as described above and spread onto LB agar plates containing Km. After incubation at 42°C, three Km r colonies were picked up and further analyzed for the insertion sites of mini-Tn10kan. All the three mutants had transposon insertions within or just upstream of the rseA gene, which is known to encode a negative regulator of σ E (Fig. 4A ). This suggests that the growth defect of the degP ssrA mutant is suppressed by the enhanced activity of σ E .
These findings raised the possibility that the σ E activity is impared in the degP ssrA mutant at high temperature.
To test this, we measured the activity of two σ E -dependent promoters, the degP and rpoH P3 promoters, using pRL124D and pRL124H3, respectively. β-Galactosidase activity was not affected by the ssrA degP mutation (Table 3 ). This result indicates that σ E activity itself is not impaired in the ssrA degP mutant. Along with the σ E pathway, the degP promoter is also activated by the Cpx pathway. If the exaggerated accumulation of aberrant polypeptides in periplasm is causative of the ts phenotype of the degP ssrA mutant, the degP promoter should be much activated through σ E and Cpx pathways in degP ssrA background. However, the data shown in Table 3 also suggest that the enhanced ts phenotype of the ssrA degP mutant is not due to the exaggerated accumulation of aberrant polypeptides in periplasm.
Neither of skp, surA, dsbC, or fkpA plasmid clones suppresses the severe ts phenotype of ssrA degP mutant In addition to DegP and RpoH, RpoE activates the expression of several other stress-responding proteins such as Skp, SurA, DsbC, and FkpA, whose functions are required to maintain the quality of proteins in periplasm (Missaiakas et al., 1996) . So we examined if the lack of one of those proteins exhibits the synthetic phenotype with ssrA disruption. It was found that the growth of skp, surA, dsbC, or fkpA mutant (KO170, KO180, KO190, or KO200, respectively) was not affected by the disruption of ssrA at any temperature examined (30°C, 37°C, or 42°C) (data not shown).
We also introduced into the ssrA degP mutant the plasmid expressing Skp, SurA, DsbC, respectively) to see if overexpression of one of these factors can suppress the severe ts phenotype. None of such plasmids could support the growth of the ssrA degP mutant at 42°C (data not shown). These results suggest that the suppression of the ts phenotype of the ssrA degP mutant by the enhanced activity of RpoE can not be simply attributed to the induction of one of these proteins.
ydcQ disruption relieves the lethality of the ssrA degP mutant at high temperature The turbidity of the liquid culture of the ssrA degP mutant began to decline two or three hours after temperature shift. To analyze the ts phenotype of the ssrA degP mutant more precisely, we observed the cell shape and counted the viable cells upon temperature shift. The ssrA degP mutant did not show apparent change in the cell shape at 42°C (data not shown). Colony forming unit (cfu) measurement revealed that the degP ssrA mutant lost its viability at high temperature (Fig. 5) . Recently, Button et al. (2007) reported that rpoE is dispensable in the E. coli cell lacking the ydcQ gene. The authors suggested that the YdcQ protein functions as a positive regulator of the lethal response of the E. coli cells in the absence of σ E . This and the fact that the overexpression of σ E suppresses the ts phenotype of the ssrA degP mutant prompted us to see the effect of a ydcQ mutation on the decrease of viability of the ssrA degP mutant. The ydcQ gene of KO111 was replaced with the ydcQ::FRT-Km r -FRT allele from JWK1433 and the viability of the resultant strain, KO130, was monitored. As shown in Fig 5, the ydcQ disruption suppressed the lethal effect of the ssrA degP double mutation at high temperature. This suggests that the ssrA degP mutation leads the cell to the death via the YdcQ-regulated pathway at high temperature. We performed the RT-PCR to see if ydcQ mRNA decreases in the presence of pUC119-rpoE and found that the amount of ydcQ mRNA was not affected by the overexpression of the RpoE protein (data not shown). This suggests that the suppression of the ts phenotype of degP ssrA double mutant by RpoE overexpression is not due to the decrease of the expression level of YdcQ. The reason why cfu in KO130 culture did not increase as turbidity did is unclear. We speculate that KO130 produces non-viable cells upon cell division.
DISCUSSION
Through different screening methods, Nakano et al. (2001) and we independently obtained the result indicating that SsrA is required for the growth at high temperature in the degP mutant (Fig. 1 ). This enhanced ts phenotype was also observed for the smpB degP mutant (our result, data not shown), indicating trans-translation is required for the degP cells to grow at high temperature. Considering that both the degP and ssrA mutants show the growth defect at extremely high temperature, we can not rule out a possibility that the ts phenotype of the ssrA degP mutant may be an additive effect of the depletion of DegP protein and SsrA RNA. However, because the degP ssrA mutant shows a significant growth defect at 42°C as compared with the degP or ssrA single mutant (Fig. 1) , there should be a functional interaction between DegP and SsrA.
Plasmid-encoded SsrA DD partially complemented the growth defect of the ssrA degP mutant at high temperature, whereas the chromosomally encoded SsrA DD couldn't (Fig. 2) . One possible explanation for the failure of the chromosomally encoded SsrA DD to suppress the ts phenotype is that SsrA DD is not so effective as the wild type SsrA in terms of stability in the cell and/or efficiency of trans-translation because of the base-substitution introduced to the mRNA-like domain. However, this is not a plausible explanation, because a chromosomal copy of ssrA DD could suppress the phenotypes of the ssrA mutant such as enhanced sensitivity to antibiotics Luidalepp et al., 2005) or suppressor tRNA and deficiency in phage growth (Withey and Friedman, 1999) . At present, however, we cannot rule out a possibility that more SsrA DD molecule is required to allow the degP ssrA mutant to grow at high temperature. The DegP S210A mutant, which lacks the protease activity but still has the chaperone activity, could relieve the growth defect of the degP ssrA mutant (Fig. 3) . This indicates that the protease activity of DegP is not necessary for the growth of ssrA-mutant cell. DegP is considered to maintain the quality of the proteins in periplasmic space by degrading unfolded or misfolded proteins (Miller, 1996) . Upon the environmental stress, the degP expression is activated via both σ E and Cpx pathways to cope with the accumulation of misfolded proteins in the periplasmic space (Danese et al., 1995) . In the degP mutant, cells must deal with the misfolded proteins without DegP. The fact that overexpression of DegP S210A could suppress the ts phenotype of the degP single mutant cells (Spiess et al., 1999) suggests that the protease activity of DegP is not required for the cells at high temperature and that the chaperone activity of DegP can deal with the stress condition in the periplasm. Recently the chaperone activity of DegP S210A was reported to prevent the aggregation of misfolded protein both in vivo and in vitro (Skorko-Glonek et al., 2007) . DegP S210A may suppress the ts phenotype of the degP ssrA mutant by either lowering the overall aggregation of periplasmic proteins to the permissible level or preventing the essential factor(s) from aggregation. Growth defect of the degP ssrA mutant was relieved by the enhanced activity of RpoE. The RpoE activity itself was, however, not impaired in the degP ssrA mutant. RpoE is known to be a stress-responsive extracytoplasmic function sigma factor, σ E , which enhances the expression of many genes required for the recovery of the cell from the stress conditions (Dartigalongue et al., 2001; Kabir et al., 2005) . Genes upregulated by σ E include periplasmic folding factors such as skp, dsbC, fkpA, and surA. However, the plasmid carrying one of these genes could not rescue the ts phenotype of the degP ssrA mutant and the absence of SsrA had no effect on the growth of skp, surA, dsbC, or fkpA mutants. As far as we tested, DegP S210A is the only chaperone which could support the growth of the degP ssrA double mutant at high temperature (except for DegQ which is known to suppress the effect of degP mutation). The suppression of the ts phenotype of ssrA degP mutant by overexpression of RpoE is not likely to be through the increase of the DegQ protein because DegQ is not induced by heat treatment . There might be a DegP-specific pathway(s) such that, in the absence of DegP, SsrA is required for the growth. RpoE may suppress the ts phenotype of the degP ssrA mutant through simultaneous activation of two or more of these genes or through a completely different pathway. Growth of the degP ssrA mutant at higher temperature was recovered in the absence of chromosomal ydcQ gene, the lack of which has been shown to suppress the lethal effect of RpoE depletion (Button et al., 2007) . We guess that the unknown pathway which leads the cells to death upon RpoE depletion somehow participates in the ts phenotype of the degP ssrA mutant. If so, the analysis of the mechanism of the enhancement of ts phenotype of degP mutant cell in the absence of SsrA may also shed light to the mechanism of the cell death upon the depletion of RpoE.
